We have probed the current-phase relation of an atomic contact placed with a tunnel junction in a small superconducting loop. The measurements are in quantitative agreement with the predictions of a resistively shunted SQUID model in which the Josephson coupling of the contact is calculated using the independently determined transmissions of its conduction channels.
The Josephson effect is a striking signature of extended quantum coherent states of matter, as found in superfluids, superconductors, and atomic Bose-Einstein condensates. It appears when a weak link allows particles to flow between two reservoirs of such quantum systems, thereby establishing phase coherence between the two corresponding macroscopic wave functions. The effect was first predicted and observed for the case of superconductors, where DC electrical supercurrents flow in absence of any voltage and AC supercurrents appear under a constant voltage bias [1] . Since then, it has also been explored in superfluids [2] and in Bose-Einstein condensates [3] . Although in the field of superconductivity a large variety of weak links has been used (tunnel junctions, proximity effect bridges, point contacts, graphene, carbon nanotubes, . . . ) [4, 5, 6, 7, 8] , the basic effect is generic and a unifying picture, able to treat on the same footing all the different coupling structures, emerged in the framework of mesoscopic superconductivity. Within this framework, the basic Josephson weak link is a single conduction channel of arbitrary transmission probability τ [9] connecting two superconducting electrodes. For a channel shorter than the superconducting coherence length, the Josephson coupling between both sides is established by a single pair of "Andreev bound states" [10, 11] . These are described as resonant electron-hole quasiparticles states spreading in both electrodes, with energies E ± τ (δ, τ ) = ±∆ 1 − τ sin 2 (δ/2) 1/2 , ∆ being the superconducting gap, and δ the phase difference between the order parameters on both sides. These states carry opposite supercurrents I ± τ (δ) = 2πφ
, where φ 0 = h/2e is the flux quantum. At zero temperature only the lower state is occupied, and the current-phase relation for the weak link is simply I − τ (δ). The critical current of a channel I 0 τ = max {I − τ (δ)} is the maximum supercurrent that can be sustained in absence of fluctuations of the phase. Beyond this value, a voltage develops across the system, i.e. transport becomes dissipative, and is perfectly understood in terms of multiple Andreev reflection (MAR) processes [12] , which also depend strongly on τ. In general, any phase coherent conductor can be described as a collection of independent conduction channels, characterized by its set of transmission coefficients {τ i }, and the global current-phase relation I {τi} (δ) = I − τi (δ) for an arbitrary weak link is simply the sum of the contributions of its channels. It is then clearly of fundamental interest to measure the current-phase relation for a single channel of arbitrary transmission. Atomic contacts of superconducting metals are suitable systems to test these ideas, even if they tend to comprise not just one but a few channels [13] . A measurement of the current-phase relation of atomic size point contacts was first performed by Koops et al. [14] , but a quantitative comparison with theory could not be performed because the {τ i } were not known. Since then, a reliable method to determine the transmissions was developed [15] , based on the measurement of the dissipative MAR current under a voltage bias. In this Letter we present measurements of the current-phase relation of well characterized aluminum atomic contacts, and a direct comparison with theory, with no adjustable parameter.
The principle of our experimental setup is shown schematically in Fig. 1a , and is designed to allow for both voltage and phase bias of the samples, giving this way independent access to the transmission probabilities and to the current-phase relation respectively. The sample consists of an atomic contact (phase difference δ) and a tunnel junction (phase difference γ) embedded in parallel in a small superconducting loop [16] , hence forming an asymmetric SQUID, as shown in the scanning electron microscope image of Fig. 1b . Note that similar [17] or related [18] setups are being used in other laboratories. The atomic contact is obtained using a microfabricated break junction [19] , and is characterized by a critical current I 0 {τi} , typically a few tens of nA, much lower than the critical current of the tunnel junction I 0 ≈ 740 nA. The SQUID is placed in parallel with an on-chip rC circuit, which dominates the parallel impedance of the line and controls the phase dynamics. The sample, which is fabricated on a metallic substrate coated with a polyimide layer, is thermally anchored to the mixing chamber of a dilution refrigerator. The bias current I b is provided by a room temperature voltage source connected through a series of 50 Ω attenuators placed at low temperatures, and a discrete macroscopic resistor R mounted at the same , with a 1.6 µm-thick dielectric polyimide layer. The resistor r ≈ 0.6 Ω, corresponds to the sheet resistance of the capacitor gold electrode. The bias current I b is governed by voltage source U and discrete macroscopic resistor R ≈ 25 Ω mounted close to sample, at base temperature (20 mK) of dilution refrigerator. (b) SEM image of SQUID loop. Tunnel junction is fabricated using double-angle evaporation of aluminum through a suspended mask. This results in a parasitic structure of no practical importance. Bright regions on left corners correspond to the gold thin films that connect the superconducting loop to the rest of the circuit, and provide the top plate of the capacitor. These normal regions also act as quasiparticle traps.
temperature as the sample. Voltage and current in the SQUID are both measured with low-noise voltage amplifiers, the latter from the voltage drop across the resistor R.
The idea behind this setup is twofold [16] . On the one hand, it allows to obtain the dissipative part of the current-voltage characteristic of the contact I {τi} (V ) = I SQUID (V ) − I J (V ), as the difference between the one of the SQUID I SQUID (V ) and the one of the tunnel junction I J (V ) alone, as shown in the lower panel of Fig. 2 . The latter is measured after fully opening the break junction [23] . One then determines the transmission probabilities {τ i } and the gap ∆ ≃ 180 µeV, by fitting I {τi} (V ) with MAR theory [15, 20, 21, 22] , as shown in the upper panel of Fig. 2 for three different contacts. On the other hand, on the supercurrent branch of the SQUID (see inset in Fig. 2) , it is possible to impose a phase difference on the contact using both the external flux and the current bias as control knobs, and to use the tunnel junction as a threshold detector to measure the current flowing in the loop [27] . Indeed, the loop is designed to be small enough [28] so that, to a very good approximation, the two phases are linked by the magnetic flux φ threading the loop, according to δ − γ = ϕ = 2πφ/φ 0 and therefore I b = I 0 sin γ + I {τi} (γ + ϕ). In the limit I 0 ≫ I 0 {τi} the critical current I c of the SQUID should be reached when γ ∼ π/2, and therefore its variations with the external flux are I c (ϕ) ∼ I 0 + I {τi} (ϕ + π/2). Therefore, the periodic modulations of I c (ϕ) around the critical current of the junction probe directly the current-phase relation of the atomic contact. It is however important to note that in practice, due to fluctuations, both quantum and thermal, the system "switches" stochasticaly from the supercurrent branch to the dissipative branch before the bias current reaches I c . This switching process is characterized by a rate Γ. It is nevertheless still possible, as we show hereafter, to probe the current-phase relation of the contact from measurements of the switching current of the whole device as a function of the magnetic flux. Typically, we apply 10 4 bias current pulses of amplitude s = I b /I 0 and duration τ p ∼ 40 µs, and measure the switching probability P (s) = 1 − e −Γ(s)τp as the ratio between the number of switching events and the total number of pulses. For each value of ϕ we adjust the current pulse amplitude s * (ϕ) so as to keep a constant switching probability P (s * ) = 0.6 (corresponding to a rate Γ * = 23.3 kHz), which leads to the best sensitivity with respect to flux response. The s * (ϕ) curves measured in this way for the three contacts of Fig. 2 are shown as symbols in Fig. 3 . As the absolute value of the flux through the loop is not known, and the current measure- ments suffer from small drifting offsets, the experimental curves had to be shifted in both directions by an arbitrary amount in order to compare them with the theoretical predictions. Note however that the vertical shift corresponds essentially to the average value s * (ϕ) , which is very close to the switching current s 0 of the junction alone under the same conditions. Figure 3 also shows the calculated current-phase relations I {τi} (ϕ + π/2) for the corresponding sets {τ i }. There is an overall qualitative agreement between the experimental data and these simple predictions. The discrepancies are significant only for contacts AC2 and AC3, which both contain a highly transmitted channel, and arise mainly around a phase δ = π. These differences can be understood almost completely by taking into account the phase fluctuations imposed by the dissipative elements of the electromagnetic environment in which the SQUID is embedded. It is well known that in such a dissipative biasing circuit the phase across the SQUID is a dynamical variable governed by a Langevin equation, equivalent to the one obeyed by the position of a massive particle evolving in a "tilted washboard potential" in presence of friction [29] . Assuming that only the ground Andreev state of each channel of the atomic contact is occupied, the total potential of the SQUID is given by:
where the first term is the Josephson energy of the tunnel junction, with E J = φ 0 I 0 /2π, the second one is the energy arising from the coupling to the current source, and the last term is the Josephson coupling introduced by the atomic contact. Figure 4 shows U − (γ) for a SQUID with a single channel contact (τ = 0.99), and for comparison the potential of the tunnel junction alone. The overall shape of the potentials is qualitatively the same but for very highly transmitted channels (τ > 0.999), and the physics is therefore similar to the well known case of tunnel junctions. For the actual parameters of the setup, one can neglect quantum fluctuations and treat γ as a classical variable. For 0 < s < 1, the equivalent particle oscillates around a local minimum of the potential at the plasma frequency ω p (s) [30] . The tilt of the potential increases with s, and the thermal energy k B T becomes eventually comparable to the potential barrier height ∆U (γ) = U − (γ max ) − U − (γ min ), where γ min (γ max ) is the phase at which the potential presents a local minimum (maximum). The particle can then be thermally activated over the barrier and escape from the well at a rate
before the current actually reaches the critical current. The biasing circuit is such that, once escaped, the particle runs away indefinitely and a voltage suddenly develops at the edge of the SQUID, according to V = φ 0γ /2π. This corresponds to the "switching" detected in the experiments.
We first performed switching measurements of the Josephson junction alone, which is a well known case [29] . The reduced bias current corresponding to the imposed escape rate is of the order of s 0 = 0.87, corresponding to a phase γ min = γ 0 = arc sin (s 0 ) ≃ 0.67 (π/2).
The s-dependence of the switching rate agrees precisely with Eq. (2), and yields the escape temperature T esc ≈ 125 mK. Although it is significantly higher than the refrigerator temperature T 0 = 20 mK, showing that the electrons in the dissipative elements of the biasing circuit are heated by some remaining spurious noise, it does not hinder the measurement of the current-phase relation. To compare the experimental data for the SQUIDs with theory, we assume this measured T esc to be the actual temperature determining the phase fluctuations in all cases, and given the exponential dependence of the rate on ∆U (s, ϕ), that a constant escape rate corresponds to a constant barrier height. We then use Eq. (1), with the {τ i } obtained independently (Fig.2) , to calculate, for each SQUID, the current s * (ϕ) leading to the imposed rate Γ * . The curves calculated in this manner are shown as full lines in Fig. 3 and describe the experimental data significantly better than the T = 0 theory. Note that this procedure assumes that in each channel only the ground Andreev state is occupied, and that the only effect of the finite temperature is on the dynamics of the phase. This is not forcedly the case for the contacts measured here, as k B T esc is not much smaller than the minimum energy gap 2∆ (1 − τ ) 1/2 between Andreev levels at δ = π, but the resulting population of the excited state is still too small to have a detectable consequence.
In conclusion, we have measured the current-phase relation of superconducting atomic contacts covering a wide range of transmission coefficients, and accounted quantitatively for the results using the mesoscopic theory of the Josephson effect. Note that the experiments described here probe just the ground Andreev state of each channel but that it should be possible and interesting to also probe the excited state, through microwave spectroscopy for instance. Furthermore, by designing a proper environment such that the life-time of this excited state and the dephasing time between the two states are long enough, one could envision to create coherent quantum superpositions of them [31] .
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